In 1909, Paul Ehrlich proposed that the immune defense system can identify and eliminate nascent tumor cells [2] . Since then tumor immunology has indeed shown that most cancer cells carry overexpressed tumor-associated or tumorspecific antigens that are not present on healthy cells. Moreover, there is now experimental evidence unambiguously showing that the immune system can and often does prevent tumors from developing, and thus plays a strong protective role against cancer [3] . In 1941, Landsteiner and Chase [4] showed that delayed hypersensitivity could be transferred between mice using cells from the sensitized donor. Two years later, Gross et al. [5] demonstrated that syngeneic mice immunized against tumors can reject ensuing tumor challenge. Since the beginning of the 20th century, tumor immunology has shown that most cancer cells carry overexpressed tumor-associated or tumor-specific antigens that are not present on healthy cells, opening up the possibility of successful application of an adoptive T-cell transfer. Moreover, there is now experimental evidence unambiguously showing that the immune system can and often does prevent tumors from developing, and thus plays a strong protective role against cancer [3] .
With the identification of T-cell growth factor in 1976, the possibilities for in vitro cultivation of T cells have risen dramatically [6] . In 1988, in vitro expanded, autologous tumorinfiltrating lymphocytes were used to treat patients with metastatic melanoma [7] . Furthermore, through the discovery of the role of lymphodepletion, the efficiency of adoptively transferred T cells has been significantly augmented [8] . In order to create T cells with desired specificity, genetic engineering methods have been applied, resulting in generation of T-cell receptors (TCRs) and chimeric antigen receptors
Keywords

Adoptive cell transfer · Chimeric antigen receptor · CAR · T-cell receptor · TCR · Clinical trial
Summary
The broaden application of adoptive T-cell transfer has been constrained by the technical abilities to isolate and expand antigen-specific T cells potent to selectively kill tumor cells. With the recent progress in the design and manufacturing of cellular products, T cells used in the treatment of malignant diseases may be regarded as anticancer biopharmaceuticals. Genetical manipulation of T cells has given T cells desired specificity but also enable to tailor their activation and proliferation potential. Here, we summarize the recent developments in genetic engineering of T-cell-based biopharmaceuticals, covering criteria for their clinical application in regard to safety and efficacy.
The Concept of T cells as an Anticancer Biopharmaceutical
When T cells are produced and used for the treatment of malignant diseases, they may be regarded as an anticancer biopharmaceutical. A biopharmaceutical is a pharmaceutical product that is biological in nature or derived from biological sources and is also produced by a biopharmaceutical industrial company [1] .
Here we review the optimization of T-cell-based biopharmaceuticals by genetic engineering, criteria for their clinical application, and the evaluation of safety and efficacy aspects in clinical trials ( fig. 1 ).
Transfus Med Hemother 2013;40:388- 402 Genetically Modified T Cells for the Treatment of Malignant Disease 389 often resulting in severe graft-versus-host disease (GvHD) [13] . Moreover, for most diseases even the transfer of high numbers of unspecific allogeneic T cells is not sufficiently effective to eradicate the tumor [13] . Therefore, attempts have been undertaken to generate more specific T cells with higher cytotoxicity against defined tumor antigens, either by selection from the natural or induced repertoire or by transfer of receptor genes.
Concerning, adoptive T-cell transfer (ACT) for the treatment of solid tumors, the successes have been more modest. Nevertheless, it has been demonstrated that tumor-infiltrating lymphocytes (TILs) can be successfully isolated, expanded in vitro, and re-infused, leading up to an overall response rate of 51%.
Technological Progress in T-Cell Engineering
For a long time the generation of tumor-reactive T cells was based on selection and subsequent expansion of T cells with defined antigen reactivity. Since this approach turned (CARs). The first successful adoptive transfer of genetically modified T cells has been performed by Morgan and colleagues in 2006 [9] . The most spectacular use of CAR technology has been demonstrated by the targeting CD19 molecule expressed on B cells. The first report on an application of this approach was published in 2010 [10] .
Demonstration of Clinical Effectiveness
For tumors of the lymphohematopoietic system, allogeneic stem cell transplantation has added a successful immunological (and mainly T-cell-based) approach to the repertoire of anticancer therapies. In its context, the use of donor T cells to cure recurrent leukemia has, for the first time, revealed the power of cellular anticancer therapies [11] . In certain diseases, like chronic myelocytic leukemia, cure rates of up to 80% have been achieved by this method [12] .
Although successful, classical donor T-cell transfer has significant limitations, it still requires parallel grafting of allogeneic stem cells and is very unspecific in its targets, a situation Wieczorek/Uharek et al. [19] , this approach can be used to optimize both expression of TCR and suicide gene.
The next approach to minimize mispairing of TCRand TCR-chain is murinization. Replacement of -and -constant domains with murine sequences results in a higher dimerization when compared to fully human TCRs. It has been postulated that this is because of a stronger association of murine TCRs with human CD3 molecules. The presence of foreign residues can induce a generation of human anti-mouse antibodies and result in life-threatening immunogenicity, as described by Maus et al. [20] . This risk can be considerably reduced by applying a minimal murinization approach. As shown by Sommermeyer and Uckert [21] , exchange of sets of amino acids from murine TCR C region -if replaced with the corresponding counterparts in human TCR -led to a significant improvement of TCR cell surface expression and increased functional avidity, with only a slightly enhanced risk of inducing immunogenicity.
Another modification approach that can reduce mispairing is the introduction of cystine residues in the TCR constant domain. This results in the formation of a new intermolecular disulphide bond which not only reduces mispairing but also increases the functional avidity [22, 23] .
Alternatively, a 'knob-in-hole' approach can be used. It incorporates an exchange of the position of two amino acids in the TCR-constant domain with naturally close steric and electrostatic interactions, and this favors pairing of the TCR-and TCR-chain. The 'knob-knob' or 'hole-hole' interactions, which would lead to mispairing, do not form as often due to their instability [24] .
The risk of mispairing can also be reduced by application of zinc-finger nucleases. As shown by Provasi et al. [25] , introduction of zinc-finger nucleases can promote a disruption of endogenous TCR-and TCR-chain genes, which when accompanied by the simultaneous delivery of tumor-specific TCR, can result in elimination of mispairing.
out to be very difficult and time-consuming, methods were developed to retarget the specificity of T cells to any chosen tumor antigen by the genetic transfer of an antigen-specific receptor.
Currently, two approaches for redirecting T-cell specificity are employed (fig 2) : i. Gene modification with TCRs, in which variable -and -chains are cloned from T cells with specificity against a tumor antigen [14] ii. The introduction of CARs recognizing tumor antigens through single-chain variable fragments (scFvs) isolated from antigen-specific monoclonal antibodies (mAbs) linked to intracellular signaling domains [15, 16] .
T-Cell Antigen Receptor Technology
The TCR is a heterodimer formed by the pairing of an -and a -chain and is associated with the CD3 complex. The transfer of gene sequences carrying the information for TCR-and TCR-chains allows the stable expression of a TCR complex with high affinity for a defined tumor antigen (either from rare human clones or from mice following immunization) into a new T cell. This T cell will have both an endogenous (natural) and an exogenous (introduced) tumor antigen-specific TCR. Both receptors can interact with specific peptides presented by HLA molecules. Subsequent cytolysis of antigen-bearing tumor cells is mediated either by perforin or Fas ligand.
The TCR approach was the first demonstration of redirected T-cell specificity [17] and has the following advantages: i) It relies on the natural way of T-cell function.
ii) It has a low risk of cytokine release syndrome through low avidity activation. iii) Transduced cells are showing a low immunogenicity. iv) Mutated intracellular proteins can be targeted.
The major difficulties which TCR technology has to overcome were low cell surface expression of TCRs and so-called 'mispairing', which occurs by formation of TCRs formed by of one endogenous and one transduced TCR chain.
The following techniques were used to address these issues: i) TCR-/TCR-vector configuration. ii) Codon optimization. iii) Murinization of human TCR-constant regions. iv) Cysteine modification 'knob-in-hole' modification. v) Zinc-finger nucleases.
In order to enhance the transduction efficiency and to limit mispairing as well as the risk of insertional mutagenesis, the current viral vectors link both TCR-and TCR-chains with either the 2A peptide sequence or a less efficient internal ribosomal entry site sequence [18] .
The cell surface expression of the transduced TCR can also be enhanced by codon optimization. This method replaces infrequently used codons with synonymous codons frequently encountered in the human genome. As shown by van Loenen However, it seems that the introduction of 4-1BB (CD137) domains has significantly enhanced CAR-transduced T-cell survival and function, possibly by induction of the anti-apoptotic protein Bcl-x [29] .
Technological Progress in Antigen Identification
There are a number of different approaches for identifying target antigens and TCRs appropriate for T-cell-based immunotherapy. 'Reverse immunology' has been applied for the prediction of tumor-associated antigens by screening sequences of selected proteins for peptides with high binding affinity to HLA molecules. A complementary approach relies on the isolation of HLA-associated peptides from target cells, followed by sequencing using chromatography fractionation and mass spectrometric analysis.
Most tumor-associated antigens that have been identified by these techniques are also expressed, albeit at lower density, in normal tissues [30] . Autologous T cells targeting these epitopes are usually of low affinity, since all high-affinity clones have been deleted during thymic selection to avoid autoimmunity.
One approach to isolate high-avidity T-cell clones is to use mice, constructed to express the human TCR repertoire. Such mice can be used to generate TCRs that are specific for human tumor antigens [31] .
Mice with HLA class I transgene and the entire human TCRgene loci whose T cells express a diverse human TCR repertoire have successfully been used to generate T cells against the Melan-A melanoma antigen. Vaccination of these mice with tumor-specific molecules will allow us to identify new tumor-specific TCRs with high affinity more easily.
Another approach is to isolate high-avidity T-cell clones from HLA-mismatched donors. This approach circumvents the problem of tolerance by using the natural repertoire of T cells from an HLA-different donor. The major problem is that allogeneic epitopes not related to the HLA-presented peptide are also targeted.
Biological and Immunological Acceptance Criteria for T-Cell Biopharmaceuticals
Antigen-Related Acceptance Criteria
The optimal case is a target antigen which has the following properties: i) It is immunogenic.
ii) It is completely tumor-specific with no significant expression on normal tissues. iii) It is highly expressed on all tumor cells (including tumor stem cells). iv) It is essential for survival or proliferation of the tumor cell. v) It has multiple epitopes. vi) It is expressed on the tumor surface.
The methods described prove that low TCR cell surface expression as well as mispairing can be efficiently addressed. Since there is currently no clear clinical evidence for TCR mispairing-induced autoreactivity, the strategies applied in clinical trials seem to be sufficient in order to manage the risk of mispairing.
Chimeric Antigen Receptor Technology
The second genetic modification strategy that aims at redirecting T-cell specificity is the introduction of antibody-based extracellular receptor structures [5] .
These structures can bind tumor antigen via antibody-derived complementary-determining regions (CDRs) that are coupled to an activating intracellular cytoplasmic domains. T cells bearing a CAR will induce tumor cell apoptosis using the same mechanisms as ordinary T cells. In comparison with TCR technology, this concept has major advantages: i) It allows easy access to new receptors.
ii) It initiates a reliable high potency signal.
iii) It is HLA-independent. iv) There is no antigen processing required. v) There is no competition for CD3.
While the first-generation of CARs consisted only of an scFv against a target cell surface antigen and the cytoplasmic CD3 -chain signaling domain, second-and third generation CARs harbor different intracellular signaling domains from various co-stimulatory protein receptors (e.g. CD28, 41BB, ICOS) which were added to the cytoplasmic tail of the CAR. Second-generation CARs, which were expanded over longer periods of time, demonstrated an improvement in cytokine secretion and showed enhanced effector function in resting human T cells. In clinical trials, in vivo expansion of the CARmodified T cells was more than 1,000-fold [26] .
The major disadvantage of T-cell biopharmaceuticals based on third-generation CARs is a massive cytokine release induced by cells activated through low-avidity 'off-target' binding. In some cases, signal threshold may be reduced to a level where an activation of T cells can occur without the presence of triggering antigens [27] .
Another disadvantage of CAR-engineered T cells is their immunogenicity since the scFv portion of the CAR complex is generally mouse-derived, which may result in immune responses and clearance of CAR-engineered T cells.
To enhance flexibility and dimerization of the receptor, the scFv is linked to the trans-membrane domain via an extracellular linker domain such as the immunoglobulin (Ig)G Fc hinge region or extracellular CD8 section. There is some evidence that these domains can engage other cells such as macrophages or natural killer (NK) cells by binding via the Fc receptor, leading to a pro-inflammatory response irrespective of CAR binding [28] .
Actually, there is no commonly accepted CAR configuration, and multiple formats of CAR signaling domain are used for clinical trials, each showing potential advantages in vitro. 
Design and Engineering of Anticancer T-Cell Biopharmaceuticals
Gene Transduction Methodology
Two vector systems -retroviral or lentiviral vectors -can be used to transfer TCR-or CAR-coding genes into T cells. However, so far, it is mostly -retroviral vectors that have been used in clinical trials [34] .
Retroviral
Vectors Retroviral vectors yield a high level of stable transgene expression through integration into the transcriptionally active site of the host genome. The major advantage of retroviral vector application is permanent gene expression and longterm experience in the clinical trials. The disadvantage of this system, is that transduction can be performed only on efficiently dividing T cells.
Lentiviral Vectors
In contradiction to retroviral vectors, lentiviral vectors are capable of integrating also into non-dividing cells. The transduction of relatively undifferentiated T cells should lead to improved function in vivo. But since pre-activation of T cells yields higher transduction rates, in most retroviral and lentiviral transduction protocols the use of anti-CD3 antibody, CD3/ CD28 magnetic beads, or artificial antibody-producing cells can play a crucial role. Similar to retroviral vectors, transduction with lentiviral vectors can lead to permanent gene expression due to integration into host genome. Another advantage of lentiviral vectors is a lower risk of damaging insertions; however, a benign integration bias without oncogenic selection has recently been reported [35] .
Transposons
Transposon systems such as Sleeping Beauty 100X (SB100X) or piggyBac (PB) are new attractive methods for a stable non-viral genetic modification of T cells. The Sleeping Beauty transposon system [36] integrates randomly into the human T-cell genome [37] and presents an alternative to retroviral vectors [30] . In contrast to the viral vectors, transposons do not have an intrinsic capacity to cross the cellular membranes. Therefore, they have to be delivered into the cells either by different non-viral strategies or by vector systems. Transposons have the following advantages: i) Transduced cells show high gene expression. ii) They do not require cell pre-activation.
iii) The method is simple and inexpensive. iv) They have a relatively large cargo capacity. v) They have a low immunogenicity.
Having reached the comparable effectiveness of viral vectors, the production of a new generation of hyperactive transposon systems, like SB100x or PB, is less costly and less timeconsuming. The major disadvantage of the system is that it is Theoretically, fusion proteins (like bcr/abl) generated by cancer-specific mutations could be examples of such targets. However, such target antigens are relatively rare and are in most cases patient-specific, a finding that makes generic targeting of antigens with common receptors difficult. Moreover, they are generally expressed on the cell surface. The cancer-testis antigen (CTA) family members also represents tumor-associated antigen candidates which are expressed by a wide range of malignancies and found only in germ cell tissues but not in other normal tissues [32] . The problem with CTA is that they are infrequently expressed on tumor cells and thus presumably not essential for the survival of a tumor cell. Therefore, tumor escape would emerge as a frequent problem.
For clinical applications, it is not necessary that all of the above-mentioned criteria are fulfilled. The importance of each criterion will depend on the balance between aspects of safety, reliability and effectiveness in a given clinical situation.
Criteria that Determine the Clinical Efficacy of Modified T Cells
Among other more general criteria, the specific functional quality of a T-cell biopharmaceutical product is determined by i) Its ability to lyse tumor cells expressing a particular marker. ii) The affinity with which the introduced receptor binds its antigen. iii) The level of receptor expression on the cell surface (in vitro and in vivo). iv) The in vivo expansion and persistence of the T cells. v) The lack of off-target toxicities.
There are numerous assays available to assess the capacity of T cells to react against tumor cells in vitro. However, it is important to differentiate between assays accessing the recognition of a target cell (e.g, IFN-release assay) and those measuring the killing of a target cell (e.g, chromium release assay). Full functionality is only assured if both the afferent (tumor recognition) as well as the efferent function (tumor kill) are operative. Assays to measure T-cell activation upon exposure to patient-derived tumor tissue may help to determine the individual in vitro effectiveness [33] .
The most important issue with regard to the evaluation of T-cell-based biopharmaceuticals is the assessment of off-target toxicity. Obviously, this is a very critical point for a product that usually has no self-limiting properties. For CARs, it is relatively easy to determine whether or not the antibody shows cross-reactivity and binds to the surface of tissues not expressing the targeted antigen. Similar tests for TCR-based biopharmaceuticals are more difficult to establish because a bank of vital tissue and cell samples (with different HLA types) would be required to test for cross-reactivity against peptides presented in the context of all relevant HLA types. do not show long-term tumor surveillance. As demonstrated by Berger et al. [46] in a primate model, TEMs derived from adoptively transferred TCMs were able to persist in blood and could thereby migrate to bone marrow where they preserved their ability to differentiate into both phenotypes.
As reported by Louis et al. [47] , the usage of CARs with central memory phenotype and high percentage of CD4+ T cells resulted in induction of complete tumor responses in patients with an active neuroblastoma. Moreover, administered CAR T cells expanded and persisted at a low level; this situation was associated with a longer survival. Gattinoni et al. s [48] broadened the understanding of T-cell subsets by identifying stem cell memory T cells (TSCMs). Due to their robust capacity of self-renewal and generation of TEMs, TCMs and effector T cells, TSCMs appear to be very attractive for adoptive cell transfer.
In recent years, intensive efforts have been made to improve the manufacturing protocols and to implement the newest discoveries in order to improve the survival and anti-tumor capacity of cell products. As shown by Cieri et al. [45] , utilization of a CD3/CD28 activation procedure as well as the addition of IL-7 and IL-15 can efficiently generate TSCM population.
Gene transfer is performed usually after unspecific activation step with OKT-3 (which promote CD8 proliferation) or CD3/CD28 (higher CD4 subset). The cells were usually cultivated with high doses of IL-2, which directed T-cell differentiation towards late state effectors.
Summing up, the recent technological advances in cell design open new perspectives for adoptive cell therapy. TCR technology enables HLA-dependent (mostly HLA.A2) recognition. The recent advances in cell design including inter alia murinization, cystein modification, and knob-in-hole modification have led to a decrease in mispairing and a reduced risk of life-threatening on-and off-target toxicity. In contrast, CARmodified T cells and target tumor-associated antigens which are expressed on the cell surface include different proteins, carbohydrates, and glycolipids. Moreover, they are not HLAdependent and therefore applicable for off-the-shelf use. The risk of generating undesired autoimmunity or GvHD in the case of CARs is minimal. Independently from the genetical modification, the integration systems using -retroviruses or lentiviruses may be soon replaced by cheaper alternatives such as transposon systems.
Modifying the Host Environment by Preconditioning Before T-Cell Transfer
An understanding of interactions between a tumor and its microenvironment is crucial not only during oncogenesis or tumor progression but also for the design of anti-tumor therapies. It has become clear that optimizing cell engineering is not the only issue that has to be addressed. Environmental variables, including presence of i) FOXP3+ regulatory T cells (Tregs), ii) myeloid-derived suppressor cells (MDSCs) or iii) not yet tested clinically and little is known about its oncogenic potential in vivo. However, a GMP-qualified SB transposon system [38] has been approved for a gene therapy clinical trial (NCT01497184) by the Food and Drug Administration, and enrolment began in 2011.
Approaches to Enhance Effectiveness
In vitro Approaches to Modify Other T-Cell Features
Genetic engineering can also be employed to modify other features of T cells. As shown by Liu and Rosenberg [39] using transduction with exogenous human IL-2 gene, T cells can significantly increase their proliferation capacity. Moreover, in vivo persistence can be enhanced by over-expression of antiapoptotic proteins like Bcl-2 or Bcl-xL [40] . Furthermore, introduction of dominant-negative transforming growth factor-(TGF-) type II receptor was shown to be a sufficient strategy for overcoming the immunosuppressive effect of TGF- [41] . Also homing to tumor sites can be enhanced via introduction of specific chemokine receptors such as CXCR2 [42] or CCR4 [43] .
Activation of T Cells
There is no doubt that culture conditions before, during, and directly after gene transfer affect the subsequent in vivo properties of T cells. The addition of high doses of IL-2 to culture media induces differentiation towards late effector state T cells. Co-stimulation with IL-7 and IL-15 may direct T cells towards an earlier differentiation phenotype which could result in greater expansion and persistence in vivo [44, 45] .
The pre-selection of EBV-or CMV-specific T cells offers the theoretical advantage of optimal and continuous co-stimulation through their native virus-specific TCRs, at least in in patients with latent viral infection. Although attractive, the concept has not been proven in clinical trials so far, and it is very likely that other conditions are still of critical importance, even if EBV-or CMV-specific cells are preselected.
Pre-Selection of T-Cell Subsets for Gene Transfer
So far, most clinical trials used genetically engineered T cells that have been generated from unselected peripheral blood T cells, thus containing an unpredictable mixture of different lymphocyte subsets. Only few studies used immunomagnetic selection of CD8+ lymphocytes to restrict the Tcell pool to CD8+ naive (TN), central memory (TCM) and effector memory (TEM) populations.
The differentiation status of genetically engineered T cells and the addition of supportive cytokines during cultivation period can influence in vivo survival of adoptively transfused cells. In the past, most of the clinical trials used TEMs. This was a result of cell culture technologies which yielded a rapid differentiation into late-stage effector cells. Although in vivo TEMs show more cytotoxicity when compared to TCMs, they also enhance T-cell effector and memory function, and its application potential in the clinical context is currently being evaluated.
Techniques to Ensure Safety
Introduction of Suicide Genes
With increasing effectiveness of genetically modified T cells, the risk of severe side effects caused by on-and off-target toxicity also has risen. Genetic solutions of this safety concern are based on the concept of on-demand cell destruction by application of a substance which can switch on a suicide gene and destroy the T-cell-caused toxicity. Among the variety of suicide gene approaches, herpes simplex virus thymidine kinase (HSV-TK) is still accepted as reference strategy [56] . HSV-TK-based cell elimination results from phospho rylation of the pro-drug by thymidine kinase, which interrupts DNA elongation and causes apoptosis. This strategy is currently under investigation in a phase III clinical trial in patients undergoing haploidentical stem cell transplantation.
Another suicide gene strategy was also tested in the context of haploidentical stem cell transplantation [57] . The introduced safety switch, the inducible caspase 9 (iCasp9), has been constructed by fusing human caspase 9 and a modified human FK-binding protein, which allows conditional dimerization [58] . Upon exposure to a synthetic dimerizing drug (AP1903), the inducible iCasp9 becomes activated and leads to the rapid death of cells expressing the construct.
Application of CD20 [59] has also been proposed as suicide gene strategy. So far, this strategy has not been applied in the clinic. The major obstacle for broader use is transient depletion of B cells. Furthermore, Sato et al. [60] proposed usage of a mutated human thymidilate kinase as a safety switch. However, this approach seems to be less efficient than the other strategies in direct comparison [61] .
Anticancer T-Cell Biopharmaceuticals in Clinical Trials
Clinical Trial Design General Issues Concerning Tumor and Patient Population
The following issues should be addressed in the design of a clinical trial: i) Tumor evaluation criteria (sensitivity to T-cell-induced cell death, immunogenicity). ii) Tumor incidence (high prevalence). iii) Tumor growth characteristics (slowly proliferating). iv) Portfolio of alternative treatment strategies (no alternative treatments). v) Clinical need in a particular disease situation (late disease stage).
tumor-associated macrophages (TAMs) as well as iv) secretion of T-cell suppressive cytokines like TGF-and IL-10 can be of outstanding importance for the success of adoptive Tcell transfer. As shown by Dudley et al. [49] , the efficacy of adoptive Tcell transfer of autologous TILs can be enhanced by intensification of host preparative lymphodepletion. Various lymphodepleting regimens have been developed and the depletion of T regulatory cells has proposed to be beneficial for the expansion of the transferred T-cell product. The reduction of MDSCs, a decrease in endogenous lymphocyte competition for cytokines, access to antigen-presenting cells, and engagement of toll-like receptors on antigen presenting cells are additional factors that have been suggested to contribute to the beneficial effect of chemotherapy prior to an adoptive T-cell transfer.
There are various regimes in use; generally non-myeloablative chemotherapy regimens consist of drugs with specific activity against lymphocytes like cyclophosphamide and fludarabine which are applied, sometimes, in combination with lowdose irradiation. Gemcitabine, a nucleoside analogue, has also been suggested as a beneficial immunomodulator prior to Tcell transfer since it was reported that it increases the expression of HLA class I and selectively kills myeloid suppressor cells, thereby enhancing T-cell-mediated antitumor immunity. Depletion of Tregs can also be achieved by monoclonal antibodies with specificity against CD25 such as danileukine diftitoxin (Ontak™).
Furthermore, because of the enhancement of tumor antigen expression epigenetically modifying drugs like azacitidine (AZA) or decitabine (DAC) could be effectively combined with application of genetically modified T cells. As shown by Cruz et al. [50] in vitro, efficacy of T-cell therapy against MAGE-A4 in relapsed Epstein-Barr virus-negative Hodgkin's lymphoma can be enhanced by combination therapy with epigenetic modifying drugs.
Due to their potent adjuvant effects and promising first results in vaccination trials [51] , Toll-like receptor agonists have also been suggested as supportive treatment in the context of T-cell transfer.
Moreover, according to recent studies by Dings et al. [52] , administration of inhibitors of angiogenesis can promote leukocyte infiltration into tumor tissue by up-regulating endothelial cell adhesion molecules, an effect that could also be exploited for the optimization of T-cell transfer.
Modifying the Host Environment by Supportive Treatment after T-Cell Transfer
The host environment can be also modified after adoptive T-cell transfer. Systemic administration of high-dose IL-2 has often been used in clinical protocols in order to increase the survival of administrated T cells [53] . Unfortunately, due to significant toxicity in form of vascular leakage syndrome, its application has been limited. The administration of other cytokines such as IL-7, IL-12 [54] , IL-15 [55] , and IFN-could criteria are dynamics of tumor proliferation (e.g. clinical course, tumor markers, phenotypic proliferation marker) and tumor sensitivity towards chemotherapy or other immunotherapies (mAbs). The appropriate definition of tumor characteristics is not only important for patient selection and inclusion criteria but also forms the basis for understanding differences in response and will help to further improve immunotherapeutic approaches.
In allogeneic stem cell transplantation, the transfer of cells is preceded by chemoradiotherapy known as conditioning. Conditioning has three goals: i) To 'make space' for the newly administered cells. ii) To reduce the number of host lymphocytes to prevent alloreactivity and rejection. iii) To induce tumor cell apoptosis in order to reduce the number of tumor cells and to increase their immunogenicity. All three aspects are also very important for the application of T-cell-based biopharmaceuticals. To make 'space' means to reduce the number of lymphocytes (including Tregs) which compete with the newly transferred cells for homeostatic cytokines. Since relevant immune reactivity especially against CARs can be anticipated, the immunosuppressive effects of conditioning could also help to prevent host reactivity against immunogenic parts of the T-cell product and to enhance proliferation and persistence. Moreover, cells which potentially suppress effector T cells, such as Tregs, MDSCs and TAMs, should also be reduced. Finally, the reduction of tumor cell mass and the induction of tumor apoptosis are beneficial because it positively shifts the balance between tumor and effector cell number and promotes antigen presentation, engagement of toll-like receptors, and the local secretion of pro-inflammatory cytokines.
With regard to supportive treatments in order to reduce side effects of T-cell transfer, prophylactic and therapeutic aspects have to be considered. As is known from studies with other immunologically based treatment approaches like IMiDs, a prognosis concerning the magnitude of the induced effect is difficult to make, and massive tumor destruction with subsequent potentially lethal tumor lysis syndrome can occur. Therefore, careful monitoring of markers for tumor destruction (lactate dehydrogenase) and renal function as well as prophylactic application of allopurinol and adequate hydration is essential to prevent fatal outcomes.
The second clinical problem that has to be anticipated, is an anaphylactic reaction [20] , most likely directed against xenogeneic proteins of the transferred T-cell product. Due to sensitization against these antigens, the risk of an anaphylactic shock increases after the second or following administrations, and application of the product should take place in an environment where patient monitoring and equipment for adequate emergency interventions are ensured.
The third critical side effect of T-cell-based therapeutics is the induction of a cytokine release syndrome which can often not easily be discriminated from an anaphylactic reaction
The successful adoptive T-cell transfer is only possible in patients where immunogenic tumor cell death can be induced [62] and where, as a consequence, an antitumor immune response can be elicited. Since not all tumors fulfill these requirements, there is an urgent need to define and standardize reliable biomarkers and feasible tests in order to determine the sensitivity of tumor entities towards T-cell-mediated cytotoxicity. If the defects that underlie insufficient antitumor immune responses can be corrected by exogenous intervention [63] , these aspects should be included in order to expand the number of tumor entities eligible for T-cell-based immunotherapies.
These criteria have been applied in most trials. A good example is the use of CAR T cells directed against CD19 [26] . B lymphocytes are highly immunogenic, reside in the same anatomical location as T cells, and express a number of receptors that facilitate T-cell function such as co-stimulatory receptor ligands. The prevalence of B-cell neoplasms is relatively high, and there are B-cell malignancies with a low proliferation rate (chronic lymphocytic leukemia (CLL), low-grade lymphomas); patients can be included at late stages of the disease or if alternative treatment strategies (allogeneic transplantation) are not feasible.
Dosing and Administration Schedule of the T-Cell Product
There are different possibilities how the dose of a T-cellbased biopharmaceutical product can be declared. Either the total number of T cells or the number of gene-modified cells expressing the TCR or CAR can be given. Cell numbers of stem cell grafts and allogeneic donor T-cell infusions are always given on a per kg recipient body weight basis.
For early phase I/II trials, we suggest to calculate the dose based on the total number of T cells per kg body weight, because such studies which take into consideration mainly safety aspects and side effects of the biopharmaceutical are not restricted to receptor-expressing cells. However, several studies have normalized the T-cell number to number of gene-modified T cells. Consequently, patients received different total Tcell doses but the same number of gene-modified T cells [64] .
Definition of the Clinical Setting
The following issues concerning the clinical setting should be considered in the design of a clinical trial: i) Individual tumor evaluation. ii) Supportive treatment to enhance effects. iii) Supportive treatment to reduce side effects.
Even if a malignant disorder is exactly defined by morphology, immunophenotype, and molecular genetics, the manifestation of the individual tumor can be extremely heterogeneous. Moreover, cells of the tumor specimen of a particular patient can be very heterogeneous. Therefore, the evaluation of the tumor acceptance criteria should also take place on an individual basis. The ideal situation includes assays for tumor recognition (immunogenicity) and sensitivity towards T-cellmediated (perforin) lysis. Other patient-specific evaluation Wieczorek/Uharek sistent CAR+ cells after this period who received T cells transduced with retroviral vectors [69] . There is not such a large data base for lentiviral vectors but their safety in the context of TCR and CAR gene transfer is also considered to be very high.
Non-viral transfer of TCR and CAR genes with non-integrating plasmid or mRNA is usually not an alternative because of its short-term transgene expression and low efficacy. However, the temporary receptor expression may be useful for safety testing.
For retro-transposon systems, such as the described PB or SB100X, there is so far only limited experience with regard to transfer rates and stability of expression. Although this technique may offer a feasible and cost-effective alternative to viral transduction systems, it is too early to widely use transposon systems, until safety data of the first clinical trials are available.
Safety of TCR T-Cells
Results concerning safety data of clinical trials with TCRmodified T-cells are summarized in table 1. The first clinical trial employing the TCR transduction approach to produce Tcell-based biopharmaceuticals was performed by the Rosenberg group in patients with metastatic melanoma [9] . It targeted the MART-1 antigen and demonstrated the feasibility and lack of short-term toxicity as well as the ability of adoptively transferred TCR-modified T cells to persist in vivo without significant side effects. In the subsequent trial using a different MART-1 clone and gp100-specific TCR genes with enhanced affinities, 29 of the 36 patients exhibited a widespread erythematous skin rash. Histology revealed necrotic keratinocytes and infiltrating CD8+ T cells [70] . Moreover, some patients developed hearing loss (10 of the 20 DMF5 patients) and anterior uveitis (11 of the 20 patients receiving MART-1 TCRtransduced T cells and 4 of 16 patients receiving the gp-100 TCR-transduced T cells) which can be also qualified as on-target toxicity on normal melanocytes expressed in eye and ear.
In a recent clinical trial [71] including patients with metastatic colorectal cancer who received high-avidity CEA TCRmodified T cells, all three patients developed severe inflammatory colitis. This has also to be interpreted as on-target toxicity as a result of transduced T cells recognizing the CEA expressed in normal colonic mucosa.
Other recently reported lethal cases of off-target toxicities in TCR trials include cardio- [72, 73] and neurotoxicity [74] . They may be caused by in vitro mutagenesis and subsequent cross-reactivity, to the titin [72] and to several MAGE family members other than MAGE-A3 as well as an unrelated protein expressed in the brain [74] .
Most safety concerns involving off-target toxicity were related to mispairing, since data from a mouse model have suggested that mispairing of transferred TCR with endogenous TCR could lead to potentially lethal autoreactivity [75] . In a clinical setting, mechanisms and symptoms should be similar to GvHD (caused by HLA-matched T cells acting against since major aspects of clinical manifestation (hypotension) are similar. Prophylactic administration of steroids could reduce the intensity of both anaphylactic reactions and cytokine release syndrome but could negatively influence the effectiveness of the transferred cells; therefore, steroids usually are not administered. Standards for immediate diagnosis and treatment for all three major side effects should be incorporated into the study protocol.
Evaluation of Safety
Adverse effects are categorized as on-target (also referred to as target-related, exaggerated pharmacology or mechanism-based) or off-target effects (as a result of unspecific modulation of other targets) [65] . Skin rash can be regarded as an on-target toxicity of biopharmaceuticals targeting a commonly expressed epidermal antigen, whereas an anaphylactic reaction evoked by its xenogeneic components is an example for off-target toxicity. The discrimination between onand off-target toxicity is important because high or unacceptable off-target toxicity should be a subject of further improvements in cell engineering and production, whereas excessive or life-threatening on-target toxicity raises general questions concerning the choice of the antigen. However, in some cases the level of on-target toxicity can be reduced by changing the dose and application schedule of the biopharmaceutical.
For the evaluation of new clinical approaches employing genetically engineered T-cell products, more general aspects related to off-target toxicity should be addressed first, since they form the basis for any clinical application, regardless of the antigen targeted by the specific receptor. It is beyond the scope of this article to describe known or suspected on-target adverse effects for each receptor/antigen pair that has been, is, or will be used in clinical trials. As explained earlier, extensive in vitro and in vivo data from experimental systems and human studies dealing with this aspect constitute a central part of the particular biopharmaceutical dossier.
Transgene Integration
Long terminal repeats of the viral vector system can increase the expression not only of the transduced but also of neighboring genes. Inserted near an oncogene, retroviral vectors may thus drive oncogenesis [66] . Clinical trials have revealed that murine leukemia virus-based vectors can cause leukemia, most probably by increasing the expression level of oncogenes in the neighborhood of insertion sites [67] .
However, all oncogenic events have occurred during gene transfer to stem cells, and it seems that mature lymphocytes harbor only a very low risk for insertional mutagenesis and are resistant to retroviral transformation [68] . Retroviral vectors are clinically used for many years, and long-term safety data are available over a time span of more than 10 years. tokine storm has resulted from the recognition of low levels of the antigen on lung tissue through HER2-specific CARs [77] . However, symptoms and high cytokine levels could also be a result of off-target toxicity, i.e. an anaphylactic reaction, as explained above.
In all other trials using T cells transduced with first-and second-generation CARs (mostly directed against B-cell antigens), no severe side effects have been reported [78, 79] . However, especially T cells transduced with first-generation CARs often failed to persist, limiting the number of patients bearing CAR-modified T cells with long-term follow up.
On-Target Toxicity
As already explained, it is beyond the scope of this review to analyze on-target toxicities for all antigens that have been used or suggested for use in clinical trials. But a few examples should demonstrate the importance of an intensive elaboration of this issue during the planning phase of a trial and, of course, before starting pharmaceutical production.
Although CD19 is one of the most frequently used targets in the recent CAR trials [80, 81] , it illustrates perfectly that an efficient target antigen must not fulfill all of the criteria of an ideal antigen. The on-target toxicity of anti-CD19 CARmodified T cells, namely severe and long-lasting B-lymphocyte depletion, is widely considered to be acceptable for patients suffering from an otherwise untreatable malignant disease. Moreover, from experience with lymphodepleting antibodies like rituximab there are well described ways how to minor antigens in an unpredictable manner). Fortunately, so far such symptoms have not been described. Even after lymphodepleting chemotherapy, which increases the risk of autoimmunity and GvHD, there was no evidence of GvHD in 106 patients using seven different antitumor TCRs in the human TCR gene trials at the National Cancer Institute.
Safety of CAR T Cells
Safety data of recent clinical trials with CAR-modified T cells are summarized in table 2. In a recent clinical trial with autologous T cells modified to express a CD19-targeted CAR, a patient with CLL developed fever, hypotension, and rapidly progressing dyspnea 20 h after infusion. The symptoms are relatively unspecific, and an autopsy failed to reveal an obvious cause of death. The patient was heavily pre-treated, and there were some signs pointing towards an infectious problem, finally resulting in sepsis [76] . However, it seems also possible that these symptoms were related to off-target toxicity of the transferred biopharmaceutical since problems associated with T-cell-induced cytokine release could result in similar symptoms.
An adverse event in a patient with colon cancer who received T cells modified with a HER2-specific CAR and CD28 plus 4-1BB was also associated with pulmonary toxicity. However, dyspnea and shock symptoms were present immediately (within 15 min) and in association with very high cytokine levels. A cardiac arrest occurred, and the patient died 4 days later. The authors favor the hypothesis that an on-target cy- 
Evaluation of Effectiveness
An increasing number of clinical trials is not only addressing safety issues but also includes questions of effectiveness as secondary endpoints. The supplemental tables 1 and 2 (available at http://content.karger.com/ProdukteDB/produkte. asp?doi=357163) give an overview of recently terminated and ongoing trials with TCR-and CAR-modified T cells.
After first reports with rather moderate anti-tumor responses in clinical trials with genetically modified T cells, the first encouraging results are now accumulating. In the first trial with MART-1 TCR-transduced T cells, the transferred cells persisted in the blood for longer than 1 year and retained their target-specific responsiveness in 2 out of the 17 patients; this was associated with a partial clinical response [9] . A subhandle increased infection risks with appropriate prophylactic and preemptive treatment strategies.
The example of CD19 demonstrates that severe and even life-threatening on-target toxicities can be accepted in a particular clinical setting. Similarly -providing two more examplesgut toxicity of Her2/neu-specific CAR-modified T cells [77] and liver toxicity of T cells transduced with CARs specific for carbonic anhydrase IX [82] , have to be judged on the background of the general and individual clinical situation. As for every conventional drug, the magnitude and probability of side effects, as well as expected severe adverse events, have to be determined as accurately as possible and finally have to be outweighed against the expected clinical benefit for each individual patient. For the ethical approval of a study protocol, statistical calculations, based on the same variables, are necessary. Large, well-established tumors can only be eradicated by a sufficient number of genetically modified cells. Based on the results of CD19 trials, it appears that the degree of treatment response is inversely proportional to the tumor burden. Therefore, patients with lowest tumor mass achieved the best clinical response [16] . Furthermore, in the majority of cases, an appropriate effector-to-target ratio in vivo can only be reached by proliferation of administered cells. There are several factors that influence the survival of transferred cells: the differentiation status of engineered T cells, the alteration of the host environment, and the presence of supportive cytokines. Providing that in vivo conditions are favorable and the transferred cells are robust, T cells can persist even up to 9 years [93] . But, as shown by Lamers et al, presence of powerful B-cell [82] or T-cell responses [94] can efficiently neutralize target cell recognition.
Summing up, it is always difficult to ascertain factors, which influence the persistence of genetically modified cells. But since it becomes more and more evident that the effectorto-target ratio plays a crucial role in the eradication of the tumor, the approaches to increase the proliferation potential of T cells have to be intensified alongside with efforts to modify the host environment.
Conclusions
There is an intense interest in harnessing immune mechanisms to control cancer. The development of promising novel T-cell therapies, making use of the potent T cells and new technologies to target them against tumor antigens, will open the door to a new field of biopharmaceuticals. The clinical value of redirected T cells as an effective and easily applicable cancer immunotherapy still has to be demonstrated. But the substantial tumor regression seen in animal models and first clinical trials impressively demonstrates the potential of these next-generation cell products. Besides all enthusiasm, for the design of clinical trials and the long-term acceptance of genetic cell engineering it is important to continuously address all relevant safely issues discussed in this review. Only the combination of high-quality products, professional risk management, and well-designed clinical trials will successfully ensure the transfer of redirected T-cell therapies from the bench to bedside. sequent trial used a different MART-1 clone and gp100-specific TCR genes with enhanced affinities [70] . The results of this trial also indicated a correlation between clinical efficacy (an objective response was observed in 9 of 36 patients) and the persistence of the infused genetically modified T cells.
As reported by Louis et al. [83] , GD2-specific CAR-modified T cells may persist up to 192 weeks after and adoptive cell transfer in patients with neuroblastoma. Survival of genetically modified cells was concordant with the percentage of CD4 and TCMs present in the administered T-cell product. In conclusion, GD2 CAR-modified T cells could induce complete remission in patients with neuroblastoma. Moreover, the administrated genetically modified cells proved to be able to persist in vivo at low level, which was associated with longer survival.
The first successful treatment of a non-melanoma tumor using TCR-modified T cells, have been reported by Robbins et al. [84] . In this clinical trial, patients with melanoma or synovial cell sarcoma were treated with NY-ESO-1-specific TCR-transduced T cells. In 4 of 6 patients with synovial cell sarcoma and 5 of 11 patients with melanoma, objective clinical responses were observed. Moreover, 2 of 11 patients with melanoma demonstrated complete remissions that persisted after 1 year. A partial response was observed in 1 patient with synovial cell sarcoma.
Recently, the meaningful results of 6 clinical trials targeting CD19+ malignancies with CAR-modified T cells have been reported [10, [85] [86] [87] [88] [89] [90] . In detail, 2 out of 3 patients with CLL, treated at the University of Pennsylvania, achieved a complete response, and the 3 showed a partial response [10, 85] .
As reported by the group at the National Cancer Institute, out of 8 patients with CLL, follicular lymphoma and marginal zone lymphoma, one achieved complete remission, another stable disease and the remaining evaluable patients reached partial remissions. Furthermore, the group at the Memorial Sloan-Kettering Cancer Center reported on the results of treatment of 8 patients with CLL and 1 patient with B-cell acute lymphoblastic leukemia, demonstrating stable disease in 2 and substantial lymph node reduction in 1 of those CLL patients. [87] Similar to other anti-cancer therapies, achievement of only partial response or the suffering of an early relapse are common phenomena following adoptive T-cell transfer. This is possibly due to the presence of resistance mechanism or development of escape mechanisms by the tumor, making it obvious, that adoptive T-cell transfer alone is often insufficient for total tumor eradication. Nevertheless, since complete responses are possible [10] , we must anticipate the most likely escape or resistance mechanism in order to make T-cell-based biopharmaceuticals more efficient.
In vivo Persistence of Genetically Engineered T Cells
Lack of persistence of genetically modified T cells seems to be one of the major reasons of failure of adoptive cell transfer approaches [79, 82, 91, 92] .
